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An optical sensor based on fiber optics has been developed to measure fluores-
cence anisotropy and temperature during processing of biaxially stretched polypro-
pylene films. The sensor, containing optical fibers, polarizing elements and lenses,
was mounted above the polypropylene film as it was processed in a tenter frame
oven stretching machine. Fluorescence observations were made using the fluores-
cent dye, bis (di-tert butylphenyl) perylenedicarboximide (BTBP), which was doped
into the resin at very low concentrations. To monitor biaxial stretching, fluorescence
anisotropy measurements were carried out with light polarized in the machine and
the transverse directions corresponding to the directions of biaxial stretching. Fluo-
rescence based temperature measurements were obtained from the ratio of fluores-
cence intensities at 544 nm and 577 nm. A matrix of experiments involving three
levels of stretch ratio in both the machine and transverse directions was under-
taken. We observed significant differences between anisotropy in the machine and
transverse directions that we attributed to the sequential stretching operation, i.e.,
the film was stretched in the machine direction first, followed by stretching in the
transverse direction, and to film temperature and strain rate for each stretching
operation. The result was uniformly higher anisotropies in the machine direction.
Film temperature obtained from fluorescence corresponded to oven thermocouple

measurements within 2°C. Polym. Eng. Sci. 44:805-813, 2004.
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INTRODUCTION

Biaxially stretched polyolefin films are used exten-
sively in packaging applications. For food pack-
aging in particular, barrier properties for oxygen and
water vapor are critical for maintaining shelf life, and
mechanical and thermal properties are important for
product preparation that involves wrapping and heat
sealing. The properties and performance of the film are
determined by the molecular orientation that is created
in the film by applied extensional stresses. The most
efficient method of manufacturing biaxially oriented
polypropylene (BOPP) film is continuous processing
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that involves stretching in a tenter frame at elevated
temperatures. Machine parameters that can be adjust-
ed to control molecular orientation are stretch ratios,
strain rates, and temperature. The most common in-
dustrial practice involves a sequential operation in
which an extruded polymer sheet is stretched in the
machine (MD) direction followed by stretching in the
transverse direction (TD).

Very little technical information about tenter frame
biaxial stretching processes has been published. Re-
cently, Wilkes and co-workers discussed the tenter pro-
cessing of high density polyethylene (HDPE), but their
publication contained abbreviated results as they dis-
cussed only half of the operation, namely MD stretch-
ing and microstructure characterization of the HDPE
film after MD stretch (1). Because their process was
carried out sequentially, MD stretching followed by TD
stretch, the information that they obtained provided the
basis from which TD stretch was undertaken, but no
post TD stretch data were presented. MD stretching ex-
periments were carried out as a function of stretch
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ratio and stretch temperature, after which they exam-
ined the state of HDPE film by various off-line tech-
niques including X-ray, atomic force microscopy (AFM),
transmission electron microscopy, and differential
scanning calorimetry, and refractive index observa-
tions. Their examination focused on the change in
crystalline morphology from spherulitic lamellae into
lamellar stacks that resulted from MD stretch at tem-
peratures near the melting temperature. In another
study, Nie and co-workers used AFM after BOPP pro-
cessing to examine surface properties, but a detailed
examination of the biaxial stretching process was not
carried out (2).

Laboratory methods to characterize molecular ori-
entation of the film product, such as X-ray diffraction,
AFM, and birefringence, are usually carried out in post-
processing tests, and many off-line experimental stud-
ies of biaxial orientation and microstructure in blown
film and uniaxial orientation of crystalline polymers
have been published (3—10). But there have been very
few approaches to microstructure studies using on-line
techniques. An on-line measurement of birefringence
was developed by Cakmak and co-workers and was
used to monitor uniaxial stretching of polyethylene
naphthalate (11, 12). The technique revealed gross ori-
entation as well as subtle changes and the evolution
of new microstructure during annealing. A method for
on-line continuous monitoring of molecular orientation
is desirable because it can yield a database record of
the process, can be utilized immediately to adjust ma-
chine parameters to make a desired product, and can
be used as a sentry to detect quality problems. In this
paper, we report the development and implementation
of an on-line, real-time sensor based on fluorescence
spectroscopy to monitor both orientation and temper-
ature of biaxially stretched polypropylene. While X-ray
and birefringence measurements exclusively reflect or
are dominated by crystalline orientation, a fluorescence
anisotropy measurement of a fluorescent dye that has
been added to the resin should primarily reflect amor-
phous orientation, which has a more profound effect on
the marginal improvement or variation of film proper-
ties.

CH}C o' 7\

The sensor combines two process monitoring con-
cepts, temperature and anisotropy, that we have devel-
oped during the past several years using fluorescence
techniques (13—15). The measurement relies on the
presence of a fluorescent dye that is mixed with the
resin at low concentrations, less than 10~° mass frac-
tion of dye in the resin. The dye used for this work is bis
(di-tert butylphenyl) perylenedicarboximide (BTBP), a
dye that possesses large molecular geometrical anisot-
ropy. BTBP is called a band definition dye and belongs
to a class of dyes whose spectra show marked temper-
ature dependence (14). The large geometrical anisotropy
enhances its orientation in extensional flows. Its size
precludes inclusion in the crystalline structure of poly-
propylene (PP). The molecular structure of BTBP is
shown in Fig. 1, where the double-headed arrow is the
direction of the absorption dipole.

Fluorescence anisotropy measurements yield infor-
mation about the orientation of the absorption dipole
moment of a fluorescent dye that has been excited
with polarized light. The technique has been used to
measure molecular orientation in polymer melts and
in solid polymer films and fibers (15—22). Orientation
information is obtained from the polarization of the
emitted fluorescent light. For this application, the di-
rection of the incident light is polarized alternately in
the machine direction (MD) and the transverse direc-
tion (TD). We measure two anisotropies, ry; and ry, cor-
responding to excitation light polarized in the machine
and transverse directions:

r = IMM_ IMT Fn= ITI‘_ ITM (1)

M L+ 2L T Ipt 2@y
where I;, and I are, respectively, the intensities of
fluorescent light polarized in the machine and trans-
verse directions, produced by incident light polarized
in the machine direction, and I, and I, are, re-
spectively, the intensities of fluorescent light polarized
in the transverse and machine directions, produced
by incident light polarized in the transverse direction.
Equation 1 expresses anisotropy as the difference be-
tween intensities of mutually perpendicular polariza-
tions of fluorescence divided by the approximate total
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bis(-di-tert-butylphenyl)-perylenedicarboximide
(BTBP)

Fig. 1. The molecular structure of BTBP. The arrow is in the direction of the absorption dipole.
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fluorescence intensity. Anisotropy r is a dimensionless
quantity, theoretically limited to the range — 0.5 to +1
and independent of the amount of dye.

Several authors have developed molecular models
that yield a relationship between r and absorption di-
pole orientation factors (17, 19, 21, 23, 24). These the-
oretical models are not employed in this study. Instead,
we take the approach that an empirical application of
Eq 1 can yield qualitative and operational principles
regarding the biaxial film stretching process. If tem-
perature is held constant during an experiment, it is
possible to obtain a set of internally consistent data that
reveal the effects of orientation. The data presented
below were obtained at constant temperature and pres-
sure so that the observed changes in anisotropy are
due to molecular orientation as expressed in the geo-
metrical orientation factors of the dye’s absorption di-
pole moment.

According Eq 1, the measurement of ry, and r; in-
volves the separate observations of pairs of fluores-
cence intensities, I, and I, and Iy and Ipy,. For on-
line, real-time observations, each pair of intensities
must be measured simultaneously. The sensor that
we employ here is designed to detect the pair intensi-
ties simultaneously, and we will demonstrate its use
for monitoring ry; and r; during biaxial stretching of
polypropylene film in a tenter oven at approximately
160°C. We present the results from real-time process
monitoring carried out at different machine set-points.

The second function of the sensor, to monitor tem-
perature, is based on the shape of the fluorescence
spectrum and its dependence on temperature. The
technique has been described in detail in previous
publications (13, 14). Briefly, the ratio of intensities at
two wavelengths vs. temperature is the basis for ob-
taining the temperature of the resin in the dye’s molec-
ular neighborhood. The calibration procedure is dis-
cussed in the next section.

EXPERIMENTAL PROCEDURE?

Our experiments were conducted on a Marshall and
Williams tenter frame biaxial stretching machine at
the pilot plant facility of ExxonMobil Chemical Co. in
Macedon, N.Y. In the tenter frame stretching opera-
tion, polypropylene resin is first extruded into a strip
or sheet that is cooled below its crystallization temper-
ature. After traversing a series of rollers as it crystal-
lizes and anneals, the strip is brought to the entrance
of the oven, where it is grabbed at both edges by mov-
ing clamps of the tenter frame and pulled into the oven
(1). The entry zones of the tenter frame oven were
maintained at 132°C. For our experiments, stretching
was carried out sequentially, first MD and followed by
TD stretching. Typical conditions for MD stretching
were 132°C at 13 s™! strain rate, and for TD stretch-
ing they were 158°C at 0.6 s™!, declining to 0.075 s™!

Identification of a commercial product is made only to facilitate experimental
reproducibility and to describe adequately the experimental procedure. In no
case does it imply endorsement by NIST or imply that it is necessarily the best
product for the experiment.
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over the length of the stretch zone. After MD and TD
stretching, the film was pulled through the annealing
section of the oven set at 160°C where the anisotropy
sensor was positioned. The MD and TD mechanical
stretch ratios, s;; and s, were varied systematically to
study the relationship between fluorescence anisotropy
and process parameters. ry, and ry, were measured
at all nine combinations of s); = 4, 5, 6 and s = 6.6,
8, 10 by holding s; constant while increasing s, in
steps to 4, 5 and 6. For each set of eighteen measure-
ments, the anisotropy sensor was moved along a posi-
tioning rail to three positions on the transverse axis,
designated as West, Central and East, where the Cen-
tral position was at the center of the film and East
and West were separated from it by 0.46 m. The full set
of measurements yielded 54 data points. Since wind-
ing speed and tenter stretch zone length were kept
constant, changes in stretch ratio were accompanied
by proportionate changes in strain rate.

Fluorescence Anisotropy Sensor (15). A sketch of
the sensor is shown in Fig. 2. The stainless steel sen-
sor head has a rectangular cross section (38.1 mm by
50.8 mm) in order to maintain a recognizable direction
of light polarization. The solid stainless steel block
(106 mm length) has been machined with channels and
compartments that receive the optical fibers and opti-
cal components, and it is blackened in order to reduce
internal light reflections. Focusing and polarizing op-
tics, needed to excite a fluorescent dye with polarized
light and to analyze the polarization of the generated
fluorescence, are placed in internal compartments that
secure their position when the sensor is in operation.
Excitation light at 488 nm, produced by an air-cooled
argon ion laser from Coherent, is transmitted to the
sensor and specimen via one or the other of the op-
tical fibers positioned in the sensor channels. Light
polarized in the machine direction is produced when
light travels along the center channel path and di-
rectly through the calcite crystal. Light polarized in the
transverse direction is produced by light that travels
the side channel path. The fiber-optic bundles in both
channels of the sensor head are bifurcated into two
branches, with one branch transmitting excitation light
and the other collecting and carrying fluorescence to
the detector. Both fiber cables have identical design
consisting of nineteen 200 pm core fused silica fibers,
eighteen of which carry fluorescence to the detector,
and the other single fiber transmits the excitation light.
One central fiber for excitation light is surrounded by
eighteen fibers for fluorescence collection. A single ex-
citation fiber was deemed necessary because a uniform
focus of light onto the PP film is best produced by a sin-
gle fiber rather than several fibers. The total length of
the fiber cable is 4 m with bifurcated branches having
0.5 m length. The fiber bundle is protected over the
length of the cable with stainless steel strip wound
flexible sheathing. Fiber cables of our custom design
were purchased from Schott-Fostec. More detail about
polarization optics, light paths, and sensor construc-
tion is available in Reference 15.
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optical fiber
for temperature .
measurement

lenses
calcite polarizer

polarized excitation light

mirror

bifurcated optical fibers
for Ipm and Iy detection

Fig. 2. A drawing of the sensor head with optical fibers.

A block diagram of the full setup is shown in Fig. 3.
The entire optics assembly was placed in a light-tight
enclosure in order to eliminate stray light from enter-
ing the photomultiplier tubes (PMTs). A beamsplitter
divides the excitation light at 488 nm from the laser
into two beams directed to optical fibers in the center
and side channels of the sensor. Shutters open to di-
rect the laser beam to these channels one at a time,
and alternately open and close at 10 s intervals. The
generated fluorescence, which has transmitted through
the calcite crystal polarizer and is collected by optical
fibers in the center and side channels, corresponds to
light polarized in the machine and transverse direc-
tions respectively. Each intensity measurement was a
photon count integrated over 1 s. Ten such measure-
ments of I, and I were taken simultaneously; then
the shutters were switched to repeat the procedure
for Iy and Ip,. This sequence was repeated 10 to 20

shutters
i

times in a row, after which the TD sensor position was
changed. The r data reported below are therefore based
on averages of 100 to 200 intensity measurements. ry,
and rp are not measured simultaneously, but this is of
little consequence because we observed the steady
state condition of the process over an extended period
of time, 15 min or more at each machine set-point.

Detection of fluorescence is done with photomultiplier
tubes and Stanford Research SR400 photon counter.
At the entrance to each PMT, light passes through a
dispersion prism that deflects 488 nm excitation light
away from the PMT, but fluorescence with A > 500 nm
passes through wide-band filters transmitting over
the most intense part of the fluorescence spectrum,
510 nm to 590 nm.

In order to account for the difference between fluo-
rescent light transmission through the side and center
channels, calibration of the sensor is necessary. This

L
)

\

dispersion prisms

/

\

\
beamsplitter

fiters

caloits Grystals

optical fibers
/ /\/—— v PMT
filters
\\ — PMT
body of

__—sensor

L. lens

C:D-—-"‘C-__:,/"'"'

=

L mirror

PP film

Fig. 3. A block diagram of the entire experimental up.

808

POLYMER ENGINEERING AND SCIENCE, APRIL 2004, Vol. 44, No. 4



Real-Time Monitoring

involves obtaining a value for g, the ratio of transmis-
sions in the two branches. The calibration consists of
measuring ry; and rp of an oriented film at room tem-
perature, then rotating the film 90° and repeating the
measurements to obtain r’y; and r'y. At 0° the expres-
sions for r containing the g-factor are

~ Iyy — ghur Gl — Iy
ry= o FC pp= =TT 2)
Lt + 2gLyr gl + 21y,
At 90° we have
S Ivve — 9lyr o glrr — Iy 3)
M e+ 29Lyr T gl + 2Ly

The equivalence between the 0° and 90° measurements
dictates that

r'y=rr T'r=r1y 4)
These two equations provide two independent values
of g, which should be close to each other if experimen-
tal error is low. The g-factors determined following this
procedure were found to be g = 0.318 and g'= 0.337.
This discrepancy is small compared to the precision
required here. The root mean square relative error is
minimized for g = 0.327.

The third channel in the sensor contains collection
optical fibers that transmit fluorescence to the PMT
detectors for the temperature measurements. This is
shown as the dashed line in the sensor body of Fig. 2.
These fibers collect fluorescence and direct it to a beam-
splitter that separates the fluorescence into two beams
that are filtered respectively at the 544 nm and 577
nm with narrow bandpass filters positioned at the en-
trance to the detecting PMTs. Photons from the PMTs
are counted using another SR400 photon counter, and
the ratio Iy, /I5;; is used to calculate the temperature

from the calibration curve of Fig. 4. The fluorescence
temperature was calibrated by slowly raising the oven
temperature from about 70°C to about 150°C and then
lowering it back to 70°C with a stationary piece of
BOPP film. The ratio § = I, /I5;7 and air temperature
T of the BOPP film were measured simultaneously
where T was obtained from a thermocouple touching
the film near the focused excitation light beam. The in-
creasing and decreasing temperature data are very well
fitted by distinct straight lines, which differ slightly (3%)
in slope. The difference can be entirely explained by the
air-film thermal lag. Taking the averages of slopes and
intercepts produces an accurate calibration equation.

The sensor was located in the annealing section of
the oven 15 mm above the film surface and immedi-
ately after MD and TD stretching had occurred. Thus,
we were not observing the dynamics of the stretching
operation, but the post stretching and annealed condi-
tion of the film. The sensor could be placed in any TD
position by means of a traversing mechanism. Meas-
urements were taken at the tenter centerline and near
the West and East film edges as depicted in Fig. 5.
The TD dimension of the film, which depended on the
stretch ratio, was approximately 1.5 m. By means of
the traversing rail, the sensor could be raised and
shuttled to a background measurement station where
anisotropy readings were taken at process temperature
against a non-fluorescent, non-reflective black sur-
face. A background measurement series preceded each
West-Center-East fluorescence measurement sequence.
Background intensities 1P, IPyr, [P and IP5,, were
obtained and subtracted from the corresponding in-
tensities measured later on oriented film.

The biaxially stretched film material is made from
polypropylene doped with BTBP dye. The polypropyl-
ene was Fina 3371. BTBP was purchased from Aldrich

160
up
180 down
140 — — Linear (up)
—— Linear (down)
130
120
(8]
s~ 110
i
100
90 down
= 107.52x - 104.37
801 R?=09951
FL e up
70 =110.32x- 111.12
2 _
60 R?=0.997
15 16 17 18

1.9

B

22 23 2.4

Fig. 4. Temperature versus the ratio of fluorescence intensity at 544 nm and 577 nm. B = I5,4/I5,7.
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«— 15m —»

sensor

PP film
E/C W

MD

Fig. 5. A drawing showing the position of the sensor and the
East, Center, and West positions.

Chemical Co. Doping of the dye into the polypropylene
resin was carried out by pouring a solution of BTBP
dye in toluene over resin pellets, followed by evapora-
tion of the solvent, leaving behind pellets coated with
BTBP. These pellets and additional neat polymer were
then passed through a twin-screw extruder at 200°C
and repelletized. The final concentration of dye in the
resin is 6.6 X 10~% mass fraction. Film thickness was
25 pm. Note that concentration uniformity of the dye
and thickness uniformity of the film are not essential
since the r’s (Eq 1) and B are normalized.

RESULTS AND DISCUSSION

Figure 6 shows typical results of the fluorescence
temperature measurement along with readings from a
thermocouple that was positioned in the air 12 mm
away from the film. Data were obtained for the steady

180 -

O 170

160

Temperature

state process. Surprisingly good agreement between
thermocouple and fluorescence data is observed, al-
lowing for air-film thermal lag. The data show that the
temperature of the film was maintained between 155°C
and 162°C in the annealing section of the oven where
the oven set temperature was 160°C.

The bar charts of Fig. 7 summarize ry, and r, meas-
urements obtained at West, Central and East positions.
The dominant feature of these data is that the ma-
chine direction anisotropy was almost always higher
than transverse anisotropy. This is attributed to the
three factors: the sequence of stretching, first in the
machine direction followed by transverse stretching,
the temperature of the film at each stretching zone, and
the strain rate of each stretch. As mentioned above,
typical conditions for MD stretching were 132°C at 13
s~ ! strain rate, and for transverse direction stretching
they were 158°C at 0.6 s~ !, declining to 0.075 s~ ! over
the length of the stretch zone. The lower temperature of
machine extension accompanied by the relatively high
strain rate favored larger MD molecular orientation
compared to TD. Also, the transverse stresses were
applied to a film that was already oriented in the ma-
chine direction so that transverse orientation stress
works against an established orthogonal orientation,
whereas machine direction stretch was imposed upon
a randomly oriented strip of polypropylene. Transverse
stretching was carried out at relatively low strain rates
in order to maintain the integrity of the film, and the
result is low molecular orientation in that direction
compared to the machine direction.

The standard deviation of r can be estimated from the
variances and covariances of the I?,; and I,j's through
a first order Taylor series approximation to r derived
from Eq 1 (25). Note that each [, in this equation is a
net intensity, so I,; — I?,; should be substituted for I.

— fluorescence
- thermocouple

140 T

0 200 400
Time s

1 i 1

600 800 1000

Fig. 6. Real-time measurement of temperature from fluorescence and the thermocouple.
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Fig. 7. Bar charts of ry; and rp at the East, Center, and West
positions.

The indirect approximate calculation method is neces-
sitated by the fact that I,; and I?); values are not paired.
For all cases tested, we found standard deviation of rp.
between 0.006 and 0.008. The standard deviation of
ry; Was larger, ranging from 0.03 to 0.07. However, even
this is not a concern, since the relevant quantity is the
standard uncertainty of the mean, which is smaller
than the standard deviation by a factor \/n, where n
= number of data values, which was greater than 100
here.

Three near-zero values of ry;, for MDX = 4 and TDX
= 8 at East, Central and West positions appear to be
an anomaly when compared to the remaining set of
data. Were these data obtained from the same experi-
mental run, they would be treated as outliers. How-
ever, the three data points were obtained from three
separate runs, all of which had different background
intensities that were used to obtain the measured ani-
sotropy values. Although the cause of the low r;, val-
ues is not known, these observations reveal new infor-
mation about the process and the range of ry;, values
that result from an array of processing conditions.

The data from the eighteen anisotropy measurements
obtained at the Center position are shown in Figs. 8
and 9. In Fig. 8, ry; is plotted against s,;, with st as
parameter, since intuitively, s,; should be the primary
determinant of ry;. Indeed, ry; generally increases with
sy Less obvious is the fact that r); also increases to a
lesser extent with s;. This can be attributed to the fact
that TD stretch contributes to ry; by reducing out-of-
plane molecular orientation.

A multiple regression using data from the Center
position yields

= —0.790 + 0.118s), + 0.0544s; 1R* = 0.772 (5)

The statistical significance of both coefficients is very
high, and potential second or higher-order terms are

5 55 6
sM

Fig. 8. Anisotropy ry; as a _function of MD stretch ratio at various TD stretch ratios. Data are from Center position.
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Fig. 9. Anisotropy r as a_function of TD stretch ratio at various MD stretch ratios. Data are from Center position.

not significant. The standard uncertainty of fit is 0.08.
Whether this moderate lack of fit is due to experimen-
tal uncertainty or to other factors controlling orienta-
tion is unknown. However, crystallinity plays no role
because the dye is present in the amorphous phase
only. Multiple regression using the full set of r;; data
from East, Center and West positions yields the fol-
lowing:

ry = —0.582 + 0.0925s,, + 0.0431s; 1]R? = 0.602 (6)

A similar attempt to fit the r; data using multiple re-
gressions yielded statistically insignificant relation-
ships for all sensor positions. The value of ris not in-
fluenced by machine direction stretching, and, as
seen in Fig. 7, transverse stretching beyond 6.6 had
little effect on r;. The data of Fig. 9 show that r; does
not monotonically increase with s or s, Part of the
difficulty may be due to the smaller range of r; com-
pared to ry. This can be seen more clearly in Fig. 10,
which includes data from all TD positions. Another

0.5

important conclusion from this figure is the absence
of correlation between ry; and r. Hence, these two ori-
entation indices are independent. This is not surpris-
ing in a biaxially orientated film, which requires two
orientation factors for complete characterization.

In Fig. 10, also note the systematic difference in r
between the East, Center and West positions. In fact,
this difference is comparable in magnitude to some of
the effects in Fig. 8. In other words, film of varying
effective stretch ratio was produced at different TD
positions. Yet the film made throughout these experi-
ments had less than 3% gauge variation and no visual
defects. This exemplifies the hidden non-uniformities
this method can help detect.

CONCLUSIONS

The satisfactory operation of the fluorescence tem-
perature and anisotropy sensor was demonstrated dur-
ing biaxial stretching of polypropylene film in a tenter
oven. The two anisotropy measures r; and r,; were

1 ¢ east
041 |ucenter
0.3 - A west

rT

0.1 1 .
0

0.2 ] A.* s. -‘ A. *l

'01 T T T

-0.1 0.1

0.3 05

Fig. 10. rpversus ry, for all stretch ratio experiments and all three positions.
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consistent with each other as shown by the g-fac-
tor calibration. The r measurements for the biaxially
stretched polypropylene film were also statistically in-
dependent of each other. The standard uncertainties
of the anisotropy measurements were low. At steady
state, web temperature measured by fluorescence
agreed well with adjacent air temperature measured
by thermocouple.

In a designed experiment carried out with the in-
strument in a tenter oven, r, followed intuitive expec-
tations in its dependence on the MD and TD stretch
ratios. The behavior of r could not be explained easily,
but the low strain rates and relatively high tempera-
ture of the TD stretch are most likely the basis for the
rr observations. Significant TD positional variation in
rr was detected on the particular tenter used.
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